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Identification of human Asf1 chromatin assembly factors as
substrates of Tousled-like kinases
Herman H.W. Sillje´ and Erich A. Nigg
First described in Arabidopsis thaliana [1], Tousled- hybrid screens were performed using human Tlk1 and
Tlk2 as baits. These screens yielded two closely relatedlike kinases (Tlks) are highly conserved in both
plants and animals. In plants, Tousled kinase is proteins interacting strongly with both Tlk1 and Tlk2
(Figure 1a, data not shown). Database searches revealedessential for proper flower and leaf development,
but no direct functional link to any other plant gene that both proteins were closely related to the Saccharomyces
cerevisiae Asf1 (anti-silencing function 1) protein; hence,product has yet been established [1, 2]. Likewise,
the role of Tlks in animals is unknown. In human we named the two human proteins Asf1a and Asf1b. Yeast
Asf1p was originally identified by virtue of its ability tocells, two structurally similar Tlks, Tlk1 and Tlk2,
were recently shown to be cell cycle-regulated derepress silencing upon overexpression [5, 6]. ADrosoph-
ila homolog of Asf1p was subsequently shown to bind tokinases with maximal activities during S phase [3].
Here, we report the identification of two human acetylated histones H3 and H4 and to cooperate with
CAF-1 (chromatin-assembly factor 1) in the assembly ofhomologs of the Drosophila chromatin assembly
factor Asf1 (anti-silencing function 1) [4] as nucleosomes onto newly replicated DNA [4]. Similarly,
yeast Asf1p was shown to act synergistically with CAF-1physiological substrates of Tlks. We show that
human Asf1 proteins are phosphorylated by Tlks and to bind directly to the histone regulatory (Hirp) pro-
teins [7]. In addition, a genetic interactionwith PCNAwasboth in vivo and in vitro. Furthermore, Asf1 proteins
are phosphorylated during S phase, when Tlks are observed [7]. Most recently, Asf1 was further identified in
a complex with the DNA damage checkpoint kinasemaximally active. Conversely, Asf1 proteins are
dephosphorylated upon the activation of the DNA Rad53, suggesting that it is an important target of the
DNA damage response and likely also functions in chro-replication checkpoint, concomitant with the rapid
inactivation of Tlks. These data indicate that Tlk matin assembly during DNA repair [8, 9].
family members regulate chromatin assembly
during DNA replication, and they suggest a plausible Human ASF1a and ASF1b encode proteins of 205 amino
explanation for the pleiotropic developmental acids (22.9 kDa) and 203 amino acids (22.4 kDa), respec-
defects of plant tousled mutants [1]. tively. They share 71% identity with each other and about
50% identity with yeast Asf1p and 61% with Drosophila
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To corroborate the Tlk-Asf1 interaction, in vitro pull-
down experiments were performed. Asf1a and Asf1b wereCurrent Biology 2001, 11:1068–1073
produced by in vitro-coupled transcription-translation in
0960-9822/01/$ – see front matter the presence of 35S-methionine and incubated with recom- 2001 Elsevier Science Ltd. All rights reserved.
binant Tlks coupled to beads. Both Asf1 proteins bound
readily to both catalytically inactive Tlk mutants (D559A
and D590A, respectively), but not to the wild-type Tlks
(Figure 2a). Instead, the wild-type Tlks phosphorylatedResults and discussion
In proliferating human cells, Tlks are maximally active the Asf1 proteins, as indicated by their slower electropho-
retic mobility in the corresponding supernatants. Theseduring S phase but rapidly inactivated in response to
inhibitors of DNA replication or DNA-damaging agents changes were particularly evident in the case of Asf1a,
which showed two distinct bands with slower migration,[3]. These observations lead us to propose that Tlks may
play an important role in the regulation of a process related whereas only a minor mobility change was visible with
Asf1b (Figure 2a). To directly confirm that Tlks phos-to DNA replication and that checkpoint pathways acti-
vated by stalled replication forksmay regulateTlk activity phorylate Asf1 proteins, recombinant C-terminally His6-
tagged Asf1 proteins were produced in Sf9 cells and used[3]. To explore these hypotheses, we set out to identify
potential regulators and/or substrates of Tlks. Yeast two- as substrates for recombinant mycTlk1 in the presence of
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Figure 1
Cloning of human ASF1a and ASF1b in a two-
hybrid screen with human Tlk1 and Tlk2 as
baits. (a) Two-hybrid yeast strains were grown
on selective (adenine) medium for 4 days
at 30C. The Snf1-Snf4 interacting proteins
were used as positive controls [16]. A
schematic presentation listing the genes
present in the DNA binding domain vectors
(above) and transactivation domain vectors
(below) is shown on the right. A dash denotes
the corresponding empty vectors. Tlk1dead
and Tlk2dead refer to the catalytically inactive
mutants Tlk1D559A and Tlk2D590A,
respectively. (b) The alignment of Asf1 amino
acid sequences. Human Asf1a (HsAsf1a),
Asf1b (HsAsf1b), Drosophila melanogaster
Asf1 (DmAsf1), and Saccharomyces
cerevisiae Asf1p (ScAsf1) were aligned
using Clustal W. Identical residues found in
at least three of the sequences are shaded.
An acidic amino acid stretch in S. cerevisiae
Asf1p is underlined.
radiolabeled [-32P] ATP. Under these conditions, Asf1a Upon phosphatase treatment of both in vitro-translated
and endogenous Asf1, the slower-migrating bands disap-migrationwas clearly altered in a time-dependentmanner,
and this alteration was accompanied by the incorporation peared, confirming that they represented phosphorylated
versions of Asf1 (Figure 3b). We conclude that the phos-of 32P (Figure 2b). Similar results were obtained for Asf1b,
although, again, the change in electrophoretic mobility phorylation pattern of Asf1a in exponentially growing cells
closely resembles that observed after phosphorylation bywas less clear. We conclude from these results that both
Asf1a and Asf1b are readily phosphorylated by Tlks in Tlk1 in vitro.
vitro.
To confirm that Tlks could interact with and phosphory-
late Asf proteins in vivo, myc-taggedTlks were transientlyTo study the properties of Asf1a and Asf1b in human
cells, an antibody was raised against the N terminus of expressed in 293T cells, and Asf1 phosphorylation was
analyzed by Western blotting (Figure 3c). Compared toAsf1a (amino acid 1–135), a region conserved between
Asf1a and Asf1b. Western blotting of a 293T cell extract the control sample, the uppermost (phosphorylated) Asf1a
band was substantially enhanced in response to the ex-with the anti-Asf1 antibody revealed four proteins with
apparent molecular masses of about 19, 21, 23, and 24 pression of active Tlks, indicating that the endogenous
Asf1a was phosphorylated by the ectopically expressedkDa (Figure 3a). These four bands comigrated exactly
with in vitro-synthesized, 35S-methionine-labeled Asf1a kinase. Conversely, the lowest (unphosphorylated) Asf1a
band was enhanced in response to the expression of theand Asf1b.Whereas the two faster-migrating bands visible
in the cell extract comigrated with in vitro-translated catalytically inactive kinase, suggesting that this protein
could act as a dominant-negative mutant with regard toAsf1b and Asf1a in their unphosphorylated state, the two
slower-migrating bands comigrated with Asf1a that had endogenous Tlk. Similarly, small changes in electropho-
retic mobility could be seen with Asf1b in the presencebeen phosphorylated by recombinant Tlk1 (Figure 3a).
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Figure 2 Hydroxyurea (HU), another inhibitor of DNA replication,
produced a similar effect on the phosphorylation state of
Asf1a (data not shown). In yeast a phosphatase-resistant,
slower-migrating form of Asf1 was detected after HU
treatment [8]; we presently have no evidence for a corre-
spondingmodification in humanAsf1. Finally, someAsf1a
phosphorylation could also be seen during M phase, a
period during which Tlks are moderately active [3].
We have shown previously that the inhibition of ongoing
DNA replication results in a rapid inactivation of Tlks [3]
and thus asked whether the addition of aphidicolin to S
phase cells would alter the phosphorylation state of Asf1a.
We found that Asf1a is rapidly dephosphorylated upon
the inhibition of DNA replication, concomitant with the
inactivation of Tlks (Figure 5). This was particularly evi-
dent with regard to the slowest-migrating Asf1a species,
whereas the faster-migrating form was more resistant to
dephosphorylation. Nevertheless, after a prolonged block
in aphidicolin, this phosphorylated Asf1a form also disap-
peared (Figure 4b). These results indicate that an as yet
unidentified phosphatase is able to dephosphorylate Asf1aAsf1a and Asf1b are phosphorylated by Tlks in vitro. (a) Asf1a and
Asf1b were produced by coupled in vitro transcription-translation as soon as Tlks are inhibited. Taken together, the above
(IVT) in the presence of 35S-methionine. Recombinant myc-tagged data clearly show that the phosphorylation of Asf1 occurs
wild-type Tlks (Tlk1 and Tlk2) and catalytically inactive Tlks
in concert with ongoing DNA replication and that Asf1(Tlk1D559A and Tlk2D590A) were coupled to anti-myc antibody-
phosphorylation shows a strong correlation with cell cycle-coated protein G Sepharose beads and used to isolate Asf1
proteins. Tlk precipitates (IP) and supernatants (Sup) were separated dependent and checkpoint-regulated Tlk activity.
by SDS-PAGE (15% acrylamide), and radiolabeled Asf1 proteins were
visualized by autoradiography. (b) Recombinant C-terminal His6-
tagged Asf1a and Asf1b, produced in Sf9 cells, were purified to The inspection of databases revealed no obvious Tlk or-
near homogeneity and used as substrates of recombinant mycTlk1 in tholog in Saccharomyces cerevisiae [3]. In view of our datathe presence of [-32P] ATP. Proteins were separated by SDS-PAGE
implying a function for Tlks in the regulation of Asf1,(15% acrylamide) and stained by Coomassie blue (left). Incorporation
of [32P] into Asf1 proteins was visualized by autoradiography (right). thismay appear to be surprising [3]. Although it is impossi-
ble to rigorously exclude the existence of a functionally
analogous kinase activity in yeast, we note that human
Tlks failed to accept yeast Asf1p as a substrate, whereas
they readily phosphorylated Drosophila Asf1 (data not
of active, but not inactive, Tlks. As indicated by coimmu- shown). Perhaps the conspicuous acidic stretch present
noprecipitation experiments, catalytically inactive Tlks, in yeast Asf1p (Figure 1b) confers structural properties
and to a lesser extent, wild-type Tlks, bound to a fraction that partly compensate for the absence of Asf1 phosphory-
of the endogenous Asf1 proteins (Figure 3d), confirming lation by Tlks in this organism. In any event, it appears
and extending the data shown above (Figure 2a). These likely that additional levels of Asf1 regulation have been
results indicate that both Asf1a and Asf1b are bona fide acquired in the course of animal and plant evolution.
substrates of Tlks in vivo.
Next, we examined the expression and phosphorylation In summary, our data identify human Asf1 chromatin
assembly factors as physiological substrates of the Tlkstate of Asf1 during cell cycle progression. As shown by
Western blotting of HeLa cell extracts prepared after family of cell cycle-regulated kinases. These findings
have important implications for both the regulation ofrelease from a thymidine-aphidicolin double block [3],
Asf1a and Asf1b protein levels were virtually constant chromatin assembly and the function of Tlk family mem-
bers. With regard to chromatin assembly, our resultsthroughout the cell cycle (Figure 4a,b). However, a
change in Asf1a phosphorylation could be seen, in that clearly indicate that human Asf1 proteins are phosphory-
lated by Tlks in a replication-dependent fashion. To fur-Asf1a was strongly phosphorylated during S phase. This
correlated with high Tlk activity (Figure 4c), consistent ther explore the precise mechanism of Asf1 regulation
by phosphorylation, it will be important to map the Tlkwith our previous results [3]. Furthermore, no Asf1a phos-
phorylation was observed in aphidicolin-blocked cells, phosphorylation sites and then test the function of corre-
sponding Asf1 mutants in cell-free chromatin assemblycorrelating with the absence of Tlk activity in such cells.
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Figure 3 assays. Our preliminary in vitro studies have failed to
uncover a role for Asf1 phosphorylation in the regulation
of histone binding (H.H.W.S. and E.A.N., unpublished
data), but it is possible that Tlks may regulate the ability
of Asf1 to interact with other proteins, notably CAF-1,
HIRA, PCNA [7], the TFIID subunit TAF250 [10], and,
perhaps, the human homolog (Chk2) of the yeast Rad53
kinase [8, 9]. Considering that Asf1 may not be the only
physiological substrate of Tlks, it may also be rewarding to
examine other chromatin assembly factors and remodeling
complexes [11, 12, 13, 14] for their ability to serve as
substrates for Tlks.
Perhaps, most importantly, the identification of the first
Tlk substrates provides a new perspective on the physio-
logical role of this hitherto mysterious, but highly con-
served, family of nuclear kinases. Our results, in fact,
strongly suggest that one important function of Tlk family
members relates to the regulation of chromatin structure,
and they set the stage for future investigations into the
regulation of Tlk function. In particular, the elucidation
of the mechanism underlying the rapid inactivation of
Tlks in response to replication arrest may contribute to a
better understanding of the DNA replication checkpoint.
Finally, a regulatory role of Tlks in chromatin assembly
would seem to provide a plausible explanation for the
pleiotropic developmental defects associated with tsl mu-
tations in plants [1]. Chromatin structure clearly consti-
tutes a key determinant in the developmental patterning
of gene expression, and deregulated chromatin assembly
would thus be expected to profoundly affect the develop-
ment of tsl mutants. In support of this view, the Fasciata
genes, implicated in the development of shoot and root
apical meristems in Arabidopsis, were recently shown to
encode subunits of the CAF-1 chromatin assembly factor
Asf1 proteins that were translated in vitro in the presence of 35S-
methionine and phosphorylated by mycTlk1 are shown. They were
then treated with or without alkaline phosphatase (AP) and analyzed
by gel electrophoresis and autoradiography. In the right panel, whole
293T cell extracts that were incubated with alkaline phosphatase in
the presence or absence of 100 nM ocadaic acid and the usual
mix of phosphatase inhibitors (PPI), subjected to gel electrophoresis,
and probed by Western blotting with anti-Asf1 antibody are shown.
(c) Myc-tagged wild-type Tlks (mycTlk1 and mycTlk2) and catalyticallyAsf1a and Asf1b are Tlk substrates in vivo. (a) 293T cell extracts and
inactive Tlks (mycTlk1D559A and Tlk2D590A) were transiently35S-methionine-labeled Asf1a and Asf1b proteins were separated
overexpressed in 293T cells for 24 hrs. Cell extracts (20 g/lane)on a 15% polyacrylamide gel. Half of the protein samples produced
were subjected to Western blotting with anti-Asf1 antibody, andby IVT were phosphorylated by mycTlk1 (Asf1a-P and Asf1b-P), the
equal loading was further controlled by Ponceau staining. Note thatother half was left unphosphorylated (Asf1a and Asf1b). After transfer
only 30%–40% of the cells were transiently transfected; this readilyonto nitrocellulose, anti-Asf1 antibody was used to detect Asf1
explains why up- and downshifts are partial. (d) Immunoprecipitationproteins in the 293T cell extract, whereas radiolabeled Asf1 proteins
of overexpressed mycTlks was performed using the 9E10 antibodyproduced by IVT were detected by autoradiography. Although two
coupled to protein G Sepharose beads, and the coprecipitation ofdiscrete bands with retarded migration were observed for Asf1a, we
Asf1 proteins was monitored by immunoblotting. Western blotscaution that the phosphorylation of this protein may be complex. In
performed in parallel with 9E10 antibody confirmed similar recoverythe absence of definitive information on the number of phosphorylation
of myc-tagged Tlks (not shown).sites, we therefore denote the highly phosphorylated Asf1a as Asf1a-
PP and the less phosphorylated form as Asf1a-P. (b) In the left panel,
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Figure 4
Asf1a is phosphorylated during DNA
replication. HeLa cells were synchronized at the
G1/S boundary by a double thymidine-
aphidicolin block, as described previously
[3]. Cells were released from this block at t 
0, and samples taken for Western blot,
FACS analysis, and kinase activity
measurements at the indicated time points
(hours). For comparison, exponentially
growing cells (exp) were analyzed in parallel.
(a) FACS analysis of ethanol-fixed, propidium
iodide-stained cells. (b) For Western blot
analysis, equal amounts of protein extracts
were probed with anti-Asf1 antibody. (c)
Kinase activity was measured in Tlk1
immunoprecipitates prepared from equal
amounts of protein extract. Kinase assays were
performed with MBP as an exogenous
substrate, and reaction products were
separated by SDS-PAGE. The amount of
[32P] incorporated into MBP was visualized by
autoradiography.
[15]. Clearly, it will be interesting to compare the pheno- Preparation of recombinant Asf1
For creating His6-tagged recombinant Asf1 baculoviruses, a His6 codingtype of plant asf1 mutants with tsl mutants.
sequence was cloned into vector pVL1393 (Pharmingen). The Asf1
cDNAs were subsequently cloned into this vector by PCR, thereby
Materials and methods generating a C-terminal His6-tag. Recombinant baculoviruses were made
Two-hybrid screens by cotransfecting these vectors with Baculogold DNA into Sf9 cells,
Two-hybrid screens were performed using a system described previously and all subsequent procedures relating to Sf9 cells were performed as
[17]. A human peripheral lymphocyte two-hybrid cDNA library [18] was described by the manufacturer (Pharmingen). Recombinant proteins
screened, and clones able to activate both the Ade2 and His3 selection were isolated using Ni-NTA agarose, as described by the manufacturer
markers specifically in the presence of bait were selected. Transformants (Qiagen), followed by gel filtration on Sephacryl S-200 (Amersham-
(2–3 million) were screened with full-length human Tlk1 and Tlk2. Asf1a Pharmacia).
was isolated 20 times, but Asf1b was isolated only once.
Antibody production
The N-terminal Asf1a coding sequence (amino acid 1–135) was cloned
Figure 5 into pQE30 (Qiagen), and the His6-tagged Asf1a fusion protein purified
from E. coli was used for the immunization of rabbits. The purification
of His6-tagged proteins, immunization, and antibody purification were
done essentially as described before [3].
Kinase assays
Kinase assays were performed as described previously [3]. Substrates
that were used in kinase assays were recombinant C-terminal His6-
tagged Asf1 proteins, myelin basic protein (MBP) (Sigma), or GST-
Asf1a. GST-Asf1a was purified from E. coli, using glutathione Sepharose
4B beads (Amersham-Pharmacia).
Miscellaneous techniques
Whole-cell extracts were always prepared in the presence of 30 g/ml
Asf1a phosphorylation is linked to ongoing DNA replication. Mid-S RNase A and DNase, protease inhibitors (1 mM PMSF, 1 g/l leupep-
phase HeLa cells were collected 4 hr after release from an aphidicolin tine, 1 g/l aprotinin, 1 g/l pepstatin), and phosphatase inhibitors
block. Then (t  0), aphidicolin was added, and samples were analyzed (PPI) (20 mM NaF, 20 mM -glycerophosphate, 0.3 mM sodium vana-
at the indicated time points (Aph). For control, samples were also date), unless stated otherwise.
collected from cells to which only solvent (DMSO) had been added
(Aph). Equal amounts of protein extracts were probed with anti- In vitro transcription-translation (IVT) was performed with the TnT-cou-
Asf1 antibody by Western blotting (upper panel). The arrowhead at pled reticulocyte lysate system in the presence of 35S-methionine, as
the left indicates the Asf1a band, which disappears upon aphidicolin described by the manufacturer (Promega). For coimmunoprecipitation,
addition. Kinase activities of anti-Tlk1 immunoprecipitates were Asf1 IVTs were diluted four times in LS buffer (100 mM NaCl, 50 mM
determined using GST-Asf1a as an exogenous substrate (lower Tris (pH 8.0), 0.1% NP40) and incubated for 1 hr at 4C on a rotating
panel). GST-Asf1a is specifically phosphorylated at the Asf1a moiety wheel with recombinant mycTlk proteins coupled to protein G Sepharose
(data not shown). beads coated with monoclonal anti-myc antibody, 9E10. The purification
of recombinant mycTlks from Sf9 cells was performed as described
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18. Durfee T, Becherer K, Chen PL, Yeh SH, Yang Y, Kilburn AE, et al.:before [3]. Beads were subsequently washed three times with LS buffer,
The retinoblastoma protein associates with the proteinand proteins were separated by SDS-PAGE on a 15% gel. Asf1 IVT
phosphatase type 1 catalytic subunit. Genes Dev 1993, 7:555-proteins were visualized by autoradiography.
569.
The transfection of pRcCMV-Tlk constructs has been described before
[3]. Immunoprecipitation of myc-tagged Tlk proteins, using protein G
Sepharose beads coated with 9E10 antibody, was performed in LS
buffer  0.5% NP40 containing a mix of protease and phosphatase
inhibitors [3].
Accession numbers
The human Asf1a and Asf1b sequences have been deposited at Gen-
Bank with accession numbers AF279306 and AF279307, respectively.
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